We model the transport of a simply reactive contaminant through an infiltration bed and underlying shallow, one dimensional, unconfined aquifer with a plane, steeply sloping bottom in the assumed absence of dispersion and downgradient dilution. 
INTRODUCTION
We model the transport of a simply reactive contaminant through an \ ' infiltration bed and underlying shallow, one dimensional, unconfined aquifer with a plane, steeply sloping bottom in the assumed absence of dispersion and downgradient dilution. The resulting quantitative understanding of the physical transport mechanisms and time scales associated with unconfined aquifer pollution can enable us to identify the source history of existing plumes and predict trajectories of future contamination. This appreciation is prerequisite for the assessment of the emerging evidence of subsurface water pollution from infiltration beds receiving industrial [Finder, 19731. municipal [LeBlanc, 1984] , and domestic [Childs et al., 1974] that Finnemore and Hantzsche [1983] propose a curve-fit approximation, valid for long time intervals. Hanson and Brock [1984] incorporate the effect of < a sloping water table on mound hydraulics for a strip source of infiltration, using a numerical finite different model. The coupled phenomenon of contaminant transport adds another degree of complexity to the problem, necessitating a numerical approach for this modeling effort as well. Bedient et al. [19833 The numerical models, with their attendant documentation requirements, are appropriate for detailed studies of well instrumented plumes in aquifers of complex geometry; a simple analytical .approach is appropriate however, for the preliminary analysis of sparsely measured contamination in an aquifer of simple geometry. We pursue the latter method by extending an existing analysis of landfill leachate migration through mildly sloping aquifers [Ostendorf et al., 1984] to account for artificial infiltration and a steeply sloping underlying aquiclude. Ostendorf et al. [1984] apply the near field-far field schematization commonly used by surface water quality modelers [Fischer et al., '1979] to the groundwater environment.
-The near
field under the landfill routes pollution input as a linear reservoir [Gelhar and Wilson,.1974 ] whose vertically mixed output forms the far field source term at the downgradient edge of the facility. Ostendorf et al. [198M] analyze the advective transport in the latter region with a method of characteristics solution with frame speeds modified by second order recharge, head loss, and bottom slope effects.
FAR FIELD ANALYSIS
The steady conservation of water mass in a one dimensional, unconfined aquifer subject to strong natural recharge e is .
q -q a + e(x-x) . We assume a steeply inclined bottom of slope tanS so that the depression n of the-water In contrast to the analysis of Ostendorf et al. [1984] , natural recharge and bottom slope are assumed to exhibit first order behavior in equation 5.
Ostendorf et al [1984] suggest that the one dimensional conservation of contaminant mass equation reduces to
in the absence of dispersion and far field mixing, with time t and concentration c. Equation 6 presumes that the plume and overlying uncontaminated lens travel at the same speed in the far field. The lens is somewhat lighter than the contaminated water in the plume and the density difference prevents mixing of the two fluids [Kimmel and Braids, 1980] The path of the moving frame follows upon integration of equation 8 from source x ,t to subsequent x,t positions [Gradshteyn and Ryzhik, 1965 ]-
The source conditions c o , x o , t for the far field also represent near field 1/2 -a sin" 1 a (0 < a.<' 1 " (28a)
•-* --sa ' .
• We use the stream function definition to recover Q as well, since it is s i bound by i|> and the axis of symmetry ^ » ira/2 shown in Figure 3 [Streeter inax , and Wylie, 1979] MBAS is primarily associated with synthetic detergents, first used in 1946 [LeBlanc, 1984] , The N and Cl plumes extend past the furthest downgradient observation well, while the B and MBAS plumes lie within LeBlanc's [1984] sampling domain, as suggested by Figure 5 . The shorter boron plume may perhaps be attributed to adsorption onto the solid-matrix [LeBlanc, 1984] and Is not suitable for hydraulic calibration as a consequence. The MBAS plume, however, Is not absorptive [LeBlanc, 1984] : its shorter extent is due to a later appearance of the contaminant in the effluent. By 1978, the MBAS plume extended 3700m downgradient of the infiltration beds. This observed extent calibrates -the hydraulics.
A regional water table study [Guswa and LeBlanc, 1981] suggests that the natural recharge.upgradient of the infiltration beds falls on a triangular area 2b by distance I to the water table divide, so that mass conservation requires 2bq a -£b2. ~ .
3
We substitute this equation into equation 11 to derive the arrival time t a of the unretarded (R-1) MBAS contaminant plume, established by the reference frame starting from the source at t -0, Solving for e 3 n 1 tanB 2^x a~xsÊ • T™ i^x ~x J tanp * lh ~~ ^_ J In |_1 * . J| a 9 3y trial and error, with t -1.01 x 10 see, n -0,30, x^ « 3700m, and 2, -a a .
-a -52 8100m, we find e -7.56 x 10 m/sec and q =* 3-06 x 10 m /sec. The 3^Q recharge estimate is lower than the natural value of 1.71 x 10 m/s cited by LeBlanc [1984] , due possibly to domestic and public withdrawals for water supply and baseflpw to surface water bodies. In any event, equations 25 and 28 yield a -0.481 and ij> v --1.12 so that, in view of Figure 4 and max We compare data and theory using statistics of the error 6 defined by C ™ C with mean error 6 and standard deviation o computed in accordance with [Benjamin and Cornell, 1970] .5 -1 Z 6 ' cites recent effluent and ambient concentration data (in his contaminant must therefore be reset to this date, so that the 1978 far field 9 time is 1.01 x 10 sec. Prior to 1964, the synthetic detergents were nonbiodegradable [LeBlanc, 198U] and are accordingly assumed to be conservative in our modeling efforts. Biodegradable replacements were instituted in the marketplace in 1964, however, and we assign first order reactive behavior to the subsequent MBAS source contamination. The time of Q shutdown t . * 5.68 x 10 sec marks the change in postulated reaction, and the 1978 reported effluent concentration of 0.30 mg/2. is taken to represent C . Ambient MBAS levels are reported to be negligible. The initial effluent concentration is unreported, however, and we use the three observed nonbiodegradable data points, at the furthest downgradient stations, to calibrate a value of C = 2.10 rag/I. As indicated by Table 2 , the C eo eo value zeros the mean error associated with the 2360, 2990, and 3590m data.
We note that the source times for these far field locations are precede the time of shutdown, so that the moving frames carry conservative, nonbiodegradable contamination. The nearest sampling points reflect.more recent contamination and are used to calibrate a decay constant of 2.35 x -9 -1 10 sec for the first order biodegradation process. Table 2 . A decay constant X « 1 .69 x 10 sec zeros the mean error for total nitrogen, with a reasonable standard deviation of 3656. [Freeze and Cherry, 1979] . The boron plume extends to 3000 m at full strength and is thus a candidate for calibration by linear adsorption. We set the decay constant equal to zero and calibrate the observations with a modest retardation factor of R =• 1.3^, generating a low standard deviation of 29%. The contaminant response time, trajectory, and far field concentration equations (39, 11, and 10) must be modified to accommodate R larger than 1. The calculations are otherwise identical to the Cl example. Figure 5 again shows data and predictions. We could have obtained a similar delayed plume by postulating a later startup time for boron, as was done for MBAS. There is no historical data to support a later date, however, and LeBlanc [1984] does cite some"limited evidence of adsorption for this contaminant. entire observed length of the plume. Such behavior can be simply modeled by a first order reactive mechanism, and a calibrated decay constant is put forth. The boron plume is shorter than the others, but is at full strength. This is taken to indicate linear adsorption, and a retardation factor is used to calibrate the model. The standard deviations for the three calibrations are 27, 36, and 29$, respectively, and offer further support of the model approach.
Future research may proceed on several fronts. Differential plume density may affect far field hydraulics and more realistic chemistry should be studied in an attempt to justify the calibrated constants of the Otis AFB plume. In the latter regard, total nitrogen is the expression of a coupled transport system involving ammonia, nitrate, and dissolved oxygen [Freeze and Cherry, 1979] which may yield analytical solutions In the absence of 9 dispersion. The relevant time scale for such a study is 10 sees. Such modeling efforts must remain as simple as allowed by the available data however, and we cite a continuing need for historically documented pollutant sources and spatially resolved contaminant plumes in this regard. 
